Abstract: Canine heatstroke is a life-threatening condition resulting from an imbalance between heat dissipation and production, and characterized by a nonpyrogenic elevation in core body temperature above 41°C (105.8°F). Several exogenous and endogenous factors may predispose dogs to the development of heatstroke; on the other hand, adaptive mechanisms also exists which allow organisms to combat the deleterious effects of heat stress, which are represented by the cellular heat-shock response and heat acclimatization. The pathophysiology and consequences of heatstroke share many similarities to those observable in sepsis and are related to the interaction between the direct cytotoxicity of heat, the acute physiological alterations associated with hyperthermia, such as increased metabolic demand, hypoxia, and circulatory failure, and the inflammatory and coagulation responses of the host to the widespread endothelial and tissue injuries, which may culminate in disseminated intravascular coagulation, systemic inflammatory response syndrome, and multiple organ dysfunction.
Introduction
Heatstroke is an acute, rapidly progressive life-threatening condition, commonly recognized in dogs and characterized by a nonpyrogenic rise in core body temperature above 41°C (105.8°F) that causes direct hyperthermal injury to tissues, especially central nervous system, possibly leading to multiple organ dysfunction. 1 It results from an imbalance between heat-generating and heat-dissipating mechanisms, and requires prompt, aggressive therapeutic intervention and continuous critical-care monitoring to avoid serious secondary complications and death. [2] [3] [4] and may rapidly progress to heatstroke, which is associated with the appearance of signs of central nervous system dysfunction.
Most of the information concerning heatstroke syndrome in veterinary medicine has been derived from human medicine. 3, 5, 6 However, dogs are considered unsuitable models for human heat-related disease because of differences in responses to high temperature, 9 particularly in light of the intrinsic thermal resistance of canine brain. 10 In this respect, it is also important to remember the existence of a cooling system for a dog's brain, constituted by the carotid rete mirabile, a network of blood vessels branching from the carotid artery, which passes through a venous sinus, drawing cooled blood from the nasal cavity. In this rete mirabile, the warm arterial blood exchanges heat with the cooler venous blood, consequently cooling the blood supply to the brain. 11 This system is also typically recognized to exist in almost all mammalian species belonging to the order Artiodactyla, as well as in various species of the Felidae family, including the cat, but it is lacking in species belonging to the mammalian orders Primates, Perissodactyla (such as horses), Rodentia, and Lagomorpha.
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Systemic and cellular responses to heat stress Thermoregulation
Homeostatic mechanisms of thermoregulation function keep body temperature within a narrow range (called the "set-point"), by maintaining the balance between heat production and dissipation. The thermoregulatory center is located in the preoptic region of the anterior hypothalamus, where numerous thermoreceptors exist, whose signals converge in the caudal hypothalamus, in association with those signals originating from temperature-sensitive organs (ie, skin, viscera, central nervous system), leading to the activation of neurohormonal compensatory responses aimed to maintain an almost constant core body temperature. 6 Body heat is generated from metabolism and muscular activity (endogenous source) and gained from the environment (exogenous source), whereas it is dissipated by four cooling mechanisms, represented by radiation, conduction, convection, and evaporation. 4, 6 At ambient temperatures below 32°C (89.6°F), more than 70% of the total body heat loss in dogs is due to radiation and convection from the body surface. 1, 6, 16, 17 Radiation involves the electromagnetic transfer of heat from the body to the environment, while convection is the exchange of heat between the body and cooler air continuously passing over skin, as occurs with a fan or with wind. 4 On the other hand, conduction usually accounts for only a small portion of the animal's heat dissipation, 8 although it may play a greater role in dogs lying down on cool surfaces, aided by peripheral vasodilation and increased cutaneous circulation occurring during warm environmental temperatures. 6 However, as the environmental temperature increases approaching body temperature, evaporation, primarily occurring through panting, becomes the most important mechanism for dissipating body heat in dogs. 1, 4, 6 Activation of the panting center is the initial compensatory response to increased ambient heat in dogs, which allows large quantities of air to be brought into contact with the wide evaporative surface area provided by the moist mucous membranes of the nasal turbinates and the oral cavity, also favored by increased salivation. 4, 6, 16 However, panting requires respiratory muscle activity that generates heat in itself; 6 as well, hyperventilation may cause respiratory alkalosis. 16 Blood temperature elevations of less than 1°C (1.8°F) are sensed by the peripheral and central thermoreceptors, which then switch on the hypothalamic thermoregulatory center, whose efferent responses are mediated by sympathetic nervous and endocrine system activation, and include constriction of renal and splanchnic blood vessels and cutaneous vasodilation, causing a shift of heated blood from the core circulation to the body surface. Cardiovascular response to heat stress also implies tachycardia and increased cardiac output. Consequently, an inability to increase cardiac output because of salt and water depletion, cardiovascular diseases, or drugs interfering with cardiac function can impair thermoregulation, resulting in increased susceptibility to heatstroke. Dehydration can also impair thermoregulation by decreasing heat loss via evaporation, as well as through radiation and convection because of decreased blood flow to the peripheral vessels. 4, 6, 16, 18 Acclimatization Acclimatization is a time-dependent process involving adaptive, integrative physiological changes that improve the body's ability to cope with extreme environmental temperatures. 19 It is obtained through continuous or repeated challenge of the thermoregulatory system by a hot environment and takes time to develop but is long acting (several weeks). 20 In animals, this process may be partially completed over 10-20 days filtration rate, and increase in the ability to resist exertional rhabdomyolysis. 18 Acclimatory homeostasis is manifested by a widened dynamic thermoregulatory range, reflected by a lower temperature threshold for heat dissipation, and a delayed threshold for developing thermal injuries. 19, 20 This implies increased capacity of the thermal effectors for heat dissipation, reduced heat production, and under certain circumstances, expanded body core temperature safety margins. Features of the acclimated status include lowered core temperature, reduced heart rate, elevated cardiovascular reserve, and increased capacity for evaporative cooling. 20 
Acute-phase response
The acute-phase response to heat stress is a coordinated systemic reaction that involves endothelial cells, leukocytes, and epithelial cells, aimed to reestablish homeostasis by protecting tissues from damage by the inflammatory process and promoting resolution and healing. 18, 22, 23 Organisms are known to produce a number of cytokines in response to endogenous or environmental heat, including tumor necrosis factor (TNF)-α, interleukin (IL)-1, IL-6, IL-8, IL-10, and IL-12. These cytokines mediate fever, leukocytosis, increased synthesis of acute-phase proteins, muscle catabolism, stimulation of the hypothalamic-pituitary-adrenal axis, and activation of leukocytes and endothelial cells. 18 The IL-6 produced during heat stress is the major modulator of local and systemic acute inflammatory responses by controlling the levels of inflammatory cytokines; it also stimulates liver production of anti-inflammatory acute-phase proteins, which inhibit the production of reactive oxygen species and the release of proteolytic enzymes from activated leukocytes. 7, 18, 24 However, the acute-phase response can be protective or not, depending on the combined effects of the different mediators, and the imbalance between pro-inflammatory and anti-inflammatory factors produced. Over-intensity of the acute-phase response and development of a predominantly inflammatory condition may favor the progression from heat stress to heatstroke.
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Heat shock response Another mechanism of adaptation to heat occurs at the cellular level and is defined as thermotolerance. It is caused by a single, severe but nonlethal heat exposure that allows cells to survive a subsequent and otherwise lethal heat stress. Achievement of the thermotolerant status is based on the activation of the heat shock response; that is, a rapid, short-acting (a few days) molecular process associated with the synthesis of heat shock proteins (HSPs). 20, 25 HSPs, also known as "stress proteins" (named according to their molecular weight), are a large class of proteins that have been highly conserved throughout evolution and are expressed by both prokaryotic and eukaryotic organisms. HSPs control protein biogenesis by assisting in the correct folding of newly formed polypeptides, oligomeric assembly, and intracellular translocation, also preventing inappropriate stress-induced protein aggregation by assisting in the repair of denatured proteins or by promoting their degradation. As a result of these roles, HSPs are crucial in the maintenance of cellular homeostasis, and they have also been referred to as molecular "chaperones," which help the cell to maintain intracellular functions and structural protein stability under both physiological and stress conditions. [26] [27] [28] HSPs are socalled because their expression was initially discovered to be induced by heat shock. 29, 30 However, since then, a wide variety of environmental and metabolic factors including hypoxia, oxidative injury, glucose starvation, or exposure to heavy metals have been shown to elicit stress protein expression. Therefore, cellular stress response is a unique and important defense mechanism put into action by the cell to cope with a wide range of harmful conditions. 27 This response includes increased HSP synthesis, which has been detected in many pathophysiological conditions such as tissue injury and repair, fever, inflammation, and viral and bacterial infections. 31 
Role of HSPs in heat adaptation and protection against heatstroke-induced injuries
The HSP70 family is thought to be the most responsive to heat stress. 20 The mechanism by which HSPs confer stress tolerance to cells is not completely defined but may be related to their essential functions in denatured protein management, protein translocation across membranes, and cytoskeletal stabilization. 25, 32 HSPs may also offer protection against apoptotic and necrotic cell death, 33, 34 as well as oxidative stress. 35 It has been demonstrated that heat shock pretreatment induces Hsp72 overexpression in striatum and confers protection against heatstroke-induced arterial hypotension, striatal ischemia, and damage by reducing oxidative stress and energy depletion. 36 A growing body of evidence also suggests the role for HSPs in the whole organism's adaptation to heat other than through thermotolerance. In fact, in addition to the rapid heat shock response, chronic exposure to moderate heat may induce HSP accumulation, and since HSPs overexpression in cultured cells elevate the degree of the lethal temperature, their accumulation on long-term heat acclimatization could also contribute to the elevation of the upper body core temperature safety margin and reduce heat illness risk. 20, [37] [38] [39] In this respect, comparisons of Hsp70 levels between organisms inhabiting either normothermic or hot environments showed that the hot-environment species have higher HSP levels compared with species of the same genus inhabiting normothermic environments. 20 Hsp72 overexpression in multiple vital organs including the heart and the brain has been demonstrated to confer protection against heatstrokeinduced hyperthermia, circulatory shock, and cerebral ischemic injury in rats and mice. [40] [41] [42] [43] On the other hand, circulating Hsp72 levels have been suggested to be a candidate marker of the extent of tissue damage and necrotic cell death during heatstroke. 44 A possible mechanism by which Hsp70 protects against heatstroke-induced hemodynamic dysfunctions may involve the potentiation of baroreceptor reflex response through its expression in the nucleus tractus solitarii, the principal recipient of baroreceptor afferent fibers in the medulla oblongata. In fact, Hsp70 expression in the nucleus tractus solitarii after heat shock may alleviate severe hypotension and bradycardia observed during the onset of heatstroke by potentiating both the sensitivity and capacity of baroreceptor reflex response. 45 Increased cellular levels of Hsp70 are also associated with the reduction of heat-induced permeability of an epithelial monolayer, 46 thus probably representing an essential factor in preventing heat-associated endotoxin translocation across the gut. 25 Similarly, the role of Hsp27 in protection of actin microfilament cytoskeleton under stress conditions may be important not only in individual cell tolerance to stress through cytoskeletal stabilization but may also be integral to the protection of the whole organism through the maintenance of endothelial and epithelial barrier integrity. 25, 47 In fact, systemic endotoxemia and elevations in circulating cytokines have been demonstrated to occur during heatstroke, [48] [49] [50] and in this respect, reduction of gut flora by means of nonabsorbable antibiotics or administration of anti-endotoxin antibodies have been observed to allow animals to tolerate higher core temperatures. 51, 52 HSP-associated heat adaptation of the whole organism may also involve endotoxin tolerance, since cells and animals become endotoxin tolerant after Hsp70 accumulation. [53] [54] [55] This endotoxin tolerance may be related to resistance to the direct effects of endotoxin or to cytokine exposure, or inhibition of cytokine production by inflammatory cells. 25 In fact, macrophages stimulated to accumulate HSPs show both transcriptional inhibition and decreased secretion of TNF-α and IL-1. 56, 57 Likewise, a conditioning heat stress sufficient to cause Hsp70 accumulation is associated with a decrease in circulating TNF-α after endotoxin exposure. 58 As well, cellular accumulation of HSPs has been demonstrated to confer resistance to the cytotoxic effects of inflammatory cytokines. 32, 59 Host conditions, such as aging, existing illness, dehydration, lack of acclimatization to heat, and certain genetic polymorphisms may be associated with a low level of HSP expression and might favor the progression from heat stress to heatstroke.
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Pathophysiology of heatstroke
Heatstroke is usually diagnosed when an acute onset of systemic clinical signs occurs in a previously healthy animal that presents with a core body temperature . 41°C (105.8°F), although it is important to underline that patients can also be normo-or even hypothermic on presentation, particularly if cooling measures are initiated by the owners or if they are in an advanced stage of shock. [1] [2] [3] 5 Heatstroke can be classified as either classic (nonexertional) or exertional. Classic heatstroke results from the exposure to high environmental temperatures, typically occurring in summer, and is seen in dogs that are confined in an overheated enclosure (eg, an unventilated automobile) or chained outdoors and deprived of water and shade. Exertional heatstroke may develop during strenuous physical exercise carried out in hot and humid environmental conditions, and it is usually seen in late spring or early summer before acclimatization occurs. 4, 6, 8 On the other hand, it is uncommonly observed in well hydrated, acclimated, athletic, and working dogs despite activity in hot, humid environments. 6 Several factors may also predispose dogs to the development of heatstroke: they can be divided into exogenous and endogenous conditions, which can either decrease the ability to dissipate heat or increase heat production. Predisposing factors include obesity, thick haircoat, geriatric age, brachycephalic anatomy, and upper airways, cardiovascular or neurologic diseases impairing physiologic cooling mechanisms. [3] [4] [5] [6] 8, [61] [62] [63] Use of certain drugs, such as phenotiazines, diuretics (eg, furosemide), or negative inotropic drugs, may also affect heat dissipation. 4, 6 In addition, metaldehyde, amphetamine, and macadamia nut intoxication may induce hyperthermia in dogs. 4, 64, 65 Genetic polymorphisms could also determine susceptibility to heatstroke, and the likely candidate genes involved include those encoding cytokines, coagulation proteins, and HSPs. In this respect, the progression from heat stress to heatstroke is thought to be due to a combination of thermoregulatory failure, exaggeration of the acute-phase response to heat, and alteration in the expression of HSPs. 7, 18 On the basis of understanding of its pathophysiological mechanisms, heatstroke has been defined as a form of hyperthermia associated with hyperthermia-induced cytotoxicity, acute physiological alterations, systemic inflammatory response, oxidative damage, and attenuated heat shock response, leading to a syndrome of multiorgan dysfunction in which encephalopathy predominates. 18, 60 Harmful effects of hyperthermia are related to direct thermal injury and increased cellular metabolic demand and oxygen consumption: 8 in particular, thermal injury causes widespread cellular necrosis through protein denaturation, inactivation of enzyme systems, destruction of cell-membrane lipids, and alteration of mitochondrial function. 6 Even though the pathophysiological sequence of events occurring in canine heatstroke has not been completely investigated, it shares many similarities to that observable in sepsis. 66 In the initial stages of heat stress, increased cardiac output and decreased systemic vascular resistance due to peripheral vasodilation occur, in order to shift circulation from the body core to the periphery. However, as hyperthermia progresses, splanchnic vasculature also dilates leading to venous pooling and a decrease in circulating plasma volume, which results in hypotension, decrease in cardiac output, and circulatory shock. With a decrease in circulating blood volume, heat dissipation mechanisms also fail, causing a further rise in body temperature and, thus, a progression of the cellular events underlying heatstroke. 4, 6 Global hypoperfusion and thermal-induced massive cellular destruction predispose to multiorgan dysfunction syndrome, the most serious complication of heatstroke, which may involve all body systems, although the most commonly affected organs are represented by the brain, kidney, gastrointestinal tract, liver, heart, and skeletal muscle. 6, 66 Myocardial damage may be secondary to direct thermal injury, decreased perfusion, acidosis, and electrolyte imbalance and predisposes the heart to conduction defects and ventricular arrhythmias, 6, 66, 67 which are commonly observed in canine heatstroke. 3, 5, 68 High sensitivity to hyperthermia, ischemia, and hypoxia of canine gastrointestinal tract has also been observed, 66 and inflammatory cytokines and reactive oxygen and nitrogen species generated by the intestinal injured tissue may exacerbate mucosal damage, resulting in necrosis and hyperpermeability with subsequent potential for bacterial translocation and leakage of endotoxins into the bloodstream. 1, 3, 18, 69, 70 The capillary and venous endothelia are also very susceptible to direct thermal injury, which in association with endotoxemia and cytokine production, may lead to increased vascular permeability and consequently to edema. Widespread endothelial damage may also result in tissue thromboplastin and factor XII release, with consequent activation of the coagulation and complement cascades, which may culminate in systemic inflammatory response syndrome (SIRS) and widespread microthrombosis and hemorrhagic diathesis as a result of disseminated intravascular coagulation (DIC). 1, 6, 50, 66, 71 Thrombocytopenia, which is a common finding in canine heatstroke, may be due to direct heat damage to megakaryocytes or platelets, or may be associated with DIC. Hepatic damage due to thermal injury and prolonged splanchnic hypoperfusion may also further exacerbate hemostatic abnormalities. 6 Acute renal failure associated with tubular degeneration and necrosis is another common sequel of heatstroke and occurs as a result of direct thermal injury, hypoperfusion, hypoxia, rhabdomyolysis causing myoglobinuria, endotoxemia, release of cytokines and vasoactive mediators, and microthrombosis secondary to DIC.
1,3,6,66 DIC and acute renal failure have been found to be significant risk factors for death in canine heatstroke, and since DIC may appear hours to days after the initial heat insult, coagulation parameters and clinical signs of DIC should be monitored at least during the first 48 hours after insult. 3, 21 As well, clinical and laboratory features of acute primary renal failure may develop several days after the hyperthermic event, and although early and aggressive supportive therapy may allow dogs to regain a sufficient degree of renal function to cause remission of signs, 72 permanent renal insufficiency or profound polyuria may also develop following recovery from heatstroke. 6, 16 Severe hyperthermia in dogs is also associated with cerebral hypoperfusion, direct vascular damage, cerebral and cerebellar edema, neuronal necrosis, hemorrhage and multifocal vascular thrombosis with tissue infarction that may lead to central nervous system dysfunction, which is a typical feature of heatstroke. Permanent brain damage may be caused by temperatures as low as 41°C (105.8°F), 17 and if involving the thermoregulatory center, it may predispose animals to subsequent hyperthermic episodes. 6 Central nervous system signs in dogs range from transient fainting, disorientation/stupor, to cortical blindness, ataxia, seizures, or even semicoma/coma. However, given the intrinsic thermal resistance of the canine brain, other physiological derangements rather than the direct thermal insult, such as respiratory alkalosis, shock and hypoglycemia, have been suggested to play a major role in heatstroke-induced neurological dysfunctions. [1] [2] [3] 5, 10 In particular, hypoglycemia can be a consequence of increased utilization or decreased production of glucose as a result of a generalized increased demand for ATP due to the elevated body temperature, hepatic failure, or sepsis that can develop because of intestinal mucosal damage and reduced host defenses. 3, 5 Other recorded complications of canine heatstroke include acute respiratory distress syndrome due to thermal and biochemical injury to pulmonary endothelium causing non-cardiogenic pulmonary edema, as well as pneumonia and pancreatitis. 1, 3 Gross pathological findings in canine heatstroke
On the basis of several reports describing the post-mortem changes in natural cases of canine heatstroke, the main, usually observable gross findings include generalized tissue congestion, edema, and hemorrhagic diathesis. 3, 5, 66, 73 Examination of skin and mucous membranes may reveal multifocal petechiae and ecchymoses, as well as moderate to severe dermal hyperemia and edema. 66, 73 Severe, diffuse hyperemia and hemorrhages may also be observed in skeletal muscles, as well as on the visceral and parietal peritoneum, particularly the mesentery, in association with a serosanguineous intraperitoneal effusion, and in such cases the gastrointestinal tract usually demonstrates widespread hemorrhages in all layers, and blood-tinged fluid or even free blood may be present in the small intestinal lumen (Figure 1) . 3, 66, 73 These gastrointestinal lesions likely result in the clinically observable hematemesis, melena, or the gelatinous and bloody diarrhea frequently detected in canine heatstroke patients. 1, 3, 5, 66 Liver and spleen may show a moderately increased volume due to congestion, whereas kidneys may be variably swollen and commonly exhibit hemorrhages, which can be also found in urinary bladder mucosa. 66 Pleural bloodtinged effusion may be occasionally detected, whereas the lungs frequently appear to be heavy, due to hyperemia and edema, with large volumes of frothy hemorrhagic fluid in the trachea and bronchial tree. 12, 66 Pulmonary infarction has been rarely recorded. 5 Heart examination typically reveals mild to severe endocardial, myocardial, and epicardial hemorrhages (Figure 2 ), which can be associated with hemopericard. 66 Meningeal and brain parenchymal hyperemia and edema, with focal cerebral hemorrhages, are also usually detectable (Figure 3) . 3, 66 On the other hand, moderate bone marrow hyperemia, edema and hemorrhages may be rarely found. 66 
Histopathological findings in canine heatstroke
Microscopical lesions characterizing canine heatstroke generally reflect the gross pathological findings (ie, hyperemia, edema, hemorrhages, and necrosis), even though they can also be found in tissues and organs appearing grossly normal. In addition, it is important to remember that hemorrhagic lesions evidenced at histological examination have been reported to be associated with thrombosis of the adjacent microvasculature. 66 In order of decreasing severity, cerebellum, cerebral cortex, heart, kidney and lung usually show histopathological changes. 16 The Purkinje cells in the cerebellum are considered to be very susceptible to hyperthermia, 6 and they frequently appear to be markedly degenerated, exhibiting hyperchromatic cytoplasm, loss of nuclear definition, and cytolysis. Neuronal necrosis is also commonly seen in the cerebral cortex and to a lesser extent in the hippocampus. 16, 66 Heat-induced severe fragmentation of myocardial fibers and loss of myofibrillar striations may be observed in the canine heart; 6,16 detection of swollen myofibers with hypereosinophilic sarcoplasm in skeletal muscle is also consistent with a diagnosis of hyperthermia. 73 Renal lesions are common findings in canine heatstroke, even in absence of gross changes, and include interstitial and glomerular congestion, interstitial hemorrhages, tubular degeneration and necrosis of various degree, as well as renal infarcts. 3, 66 Microscopical pulmonary alterations usually consist of hyperemia, edema, multiple hemorrhages into interstitial tissue and alveoli, and occasional infarcts. 1, 5, 16, 66 Both the small and large intestine frequently show severe transmural congestion and hemorrhages, in association with various degree of necrosis of the mucosal epithelium. 66, 73 In the liver, sinusoid dilation causing compression of the adjacent hepatocytes and hypoxia may result in parenchymal necrosis, particularly in the centrolobular area. 5, 66 Another microscopical finding frequently reported in canine heatstroke patients is the detection of high numbers of nucleated red blood cells (nRBCs) at blood smear evaluation, which is considered a highly significant risk factor for death. 74 This occurrence has been attributed to direct thermal bone marrow injury, as well as to endothelial damage and microvascular thrombosis associated with DIC, leading to lesions of blood-bone marrow barrier and subsequent premature release of nRBCs into the bloodstream. 1, 3, 5 However, since a recent study failed to reveal microscopic disruption of bloodbone marrow barrier architecture, it has been alternatively hypothesized that the bone marrow nRBC release is mediated by cytokines produced during SIRS.
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Conclusion
Heatstroke is a life-threatening condition in which tissue and organ lesions depend on the primary thermal insult and the secondary hemodynamic deterioration, leading to serious complications, such as DIC, SIRS, and multiple organ dysfunction. Clinicopathological signs and prognosis of canine heatstroke depend on the duration and severity of hyperthermia. Early diagnosis and rapid initiation of cooling measures, as well as intensive and prolonged treatment and monitoring, may offer the best chance for survival. Heatstroke can be prevented by allowing for proper acclimatization, not forcing dogs to exercise in hot environments, and providing adequate access to water, shade, and ventilation.
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